Introduction
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The lightweight steel-UHPC composite bridge deck system composed of steel deck and thin 33 reinforced UHPC layer through stud shear connectors is an effective way to eliminate bridge defects, 34 such as preventing wearing and reducing fatigue cracking of the orthotropic steel deck [1] [2] [3] [4] . In 35 practice, however, the construction of this innovative structure is very challenging due to several 36 reasons. First, the thickness of UHPC layer in the composite bridge is 35 -50mm, which requires a 37 specific caring and high-temperature steam treatment. Second, the steel-fiber volume ratio in the 38 structure is up to 3.5%, which could cause larger clusters. Third, the high-temperature steam 39 treatment can cause the debonding between the steel and UHPC layer. Last but not least, the 40 performance of the steel-UHPC composite deck system may degrade due to the possible vehicle 41 overloading and high-temperature action during operation. Hence, the debonding between the steel lightweight characteristic, the PZT sensor can be installed on the surface of an existing structure or 48 embedded into the newly-built structure for damage detection purpose. Within the application of 49 civil engineering, the PZT sensor has been demonstrated to be particularly advantageous due to its 50 unique features, such as passive sensing, high-sensitivity, low cost, quick response, among others. In 51 recent years, the PZT-based approach has been broadly recognized as one of the most promising non-52 destructive evaluation method for local damage identification [5] [6] . The PZT-based damage 53 identification methods can be classified into two major groups: the impedance-based method and the 54 vibration-characteristic-based wave propagation method.
55
The impedance method intends to evaluate the status of a structure through the mechanic-56 electric coupling between the piezoelectric material and the structure. The impedance of PZT material 57 can be derived from an ideal one-dimensional model. When the structure is damaged, its local 58 stiffness decreases, leading to the impedance change of the structure. Thus, the structural damage 59 detection and health monitoring can be realized through monitoring the impedance change of PZT 60 installed on the surface or inside of a structure. In past decades, many studies have been conducted 61 on applying the PZT impedance method for structural damage detection and health monitoring (e.g.,
62
[7-14]). Sun et al. [7] proposed a frequency domain impedance-signature-based technique for health 63 monitoring of an assembled truss structure and used PZT as integrated sensor-actuators; Liang et al.
64
[8] developed a coupled electro-mechanical analysis of piezoelectric ceramic actuators integrated in 65 mechanical systems to determine the power consumption and energy transfer in the electro- 
71
structural crack damage using the impedance spectra of the PZT sensor, and presented a scalar 72 damage metric based on the impedance spectra of the PZT piezoelectric sensor; Sevillano et al. [13] 
73
proposed an innovative hierarchical clustering analysis in order not only to obtain a set of clusters 74 based on damage patterns found in experimental data obtained with PZT sensors, but also to achieve 75 a graphical representation of this information; Liang et al. [14] detected the bond-slip occurrence of 76 the concrete-encased composite structure using the electro-mechanical impedance technique.
77
With respect to the vibration-characteristic-based wave propagation method, the piezoelectric 78 actuators attached on the surface or embedded in the structure would generate stress wave under 79 external excitation, which can be received by the piezoelectric sensors. Vibration features extracted 80 from the acquired stress wave, such as the changes of signal strength, arrival time, and transfer 81 function before and after the introduction of damage, are used for structural damage detection. Wang 82 et al. [15] proposed an active diagnostic technique for identifying impact damage in composite plates.
83
This technique used a built-in network of piezoelectric actuators and sensors to generate and receive
84
propagating stress waves over a wide range of frequencies. 
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To investigate the effect of debonding thickness on the identification accuracy, the B-type steel-
131
UHPC plate, designed to be having the same dimension and reinforcement as A-type plate, is 
141
The instrumental setup is shown in Figure 3 
148
The extracted features are then employed to identify and quantify the debonding damages in the 149 steel-UHPC composite structure. Table 1 
Testing scenarios
166
The PZT impedance technique is employed to measure the high frequency local impedance,
167
which is sensitive to local damage of the structure. The sensitivity parameters related to the structural 168 damage detection depend on many factors. Table 2 shows the testing scenarios of the PZT impedance- 174 Table 2 . Testing scenarios associated with impedance method
175
Testing parameters Testing model Measurement frequencies (kHz)
Different measurement frequencies B 100~12000
Relative location of different testing points B 6000~8000, 10000~12000
Different materials (i.e., UHPC and NSC) B, C 6000~8000 Different defect Thickness B 6000~8000, 10000~12000
Different defect Size A 6000~8000, 10000~12000
176
In terms of wave propagation method, the propagation of stress wave in the structure can be 177 affected by three main factors, i.e., excitation voltage amplitude, frequency and propagation media 178 (i.e., UHPC and NSC). The effects of factors on the damage identification are investigated herein. The
179
PZT actuators besides the steel plate are excited by the preset damage location (e.g., separation 180 thickness and quantity). The PZT sensors located on the surface of UHPC receive the wave signal.
181
Sensitive features extracted from the signal are employed to identify and quantify the damage in the 182 structure. The testing scenarios for the wave propagation method are indicated in Table 3 .
183 184 
193
8000 kHz and 10000 -12000 kHz are selected. Figure 4 shows the impedance curves of B-type plate.
194
It is observed that the impedance-frequency curves show the similar trends, but their peaks indicate 
228
In this study, the root-mean-square deviation (RMSD) is employed to quantify the debonding 229 degree of impedance curves, expressed as follows:
where N is the number of data points obtained from testing; 8 of 15
Figures 6 shows the RMSD values of A-type plates at two frequency ranges of 6000 -8000 kHz
233
and 10000 -12000kHz. It is observed that, as the debonding area increases, the RMSD value in the 234 frequency range of 6000 -8000kHz varies slightly; thus, this range is not sensitive to the damage.
235
When the debonding area reaches up to 50mm × 50mm, the damage index increases significantly
236
given the existence of damage. In the frequency range of 10000 -12000kHz, the RMSD value is 237 relatively larger as the debonding area increases, which means that this range is sensitive to the 238 debonding degree. However, the RMSD value becomes relatively large only when the debonding 239 area reaches up to 30mm × 30mm. 
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The receiver signal for B-type steel-UHPC and C-type steel-NSC is shown in Figure 8 . zoning is determined by the nearest-neighbors method. Given a data sample set Xi, if 304 min , ( 1, 2..., )
Then Xi belongs to cluster j. The parameter Ci is the jth cluster. Given a particle, the fitness Fi is 305 the sum of the distance between sample in the cluster and the clustering center, i.e.,
where L is the number of the clustering samples. After the initial clustering, the speed and location
307
of particles are updated according to the learning factor and inertia weight coefficients. With the 308 initial speed of zero, we have 
where iter is the current iteration and wmax = 0.9 and wmin = 0.4 are the maximum and minimum 
334
Each sample contains 4 features. 
335
361
For the same features and sampling proportion in the aforementioned cases, the detection results
362
rely on the quality of clustering learning sample as well. The sample quality is investigated by 363 recalculating 100 times for each case. Figure 12 shows the calculation process. When the sample 364 quality is poor, the cluster centers at the debonding status of 1mm and 2mm is very close, resulting 365 in high false detection and low probability of detection. When the sample quality is good, the 366 probability of detection reaches up to 90%. In general, the more samples and the better quality of the samples for modeling, the higher 368 probability of detection. In comparison to the number of samples, the quality plays more significant 369 role on the detection accuracy. The detection result also relies on the selected features as indicated in 370 Table 6 . When both features 1 and 2 from the impedance method are selected, the expected 371 probability of detection is 62.1% -67.8%. When feature 1 from the impedance method and feature 3 372 from wave propagation method are selected, the expected probability of detection is 71.2% -73.6%.
373
When both features 3 and 4 from the wave propagation method are selected, the averaged probability 
379
386
closer the PZT sensor position to the damage location, the more significant separation is observed.
387
The RMSD is employed as an evaluation indicator of debonding damage degree. Accordingly, the 388 change of RMSD value is not sufficient when the debonding area or the thickness of steel-UHPC 389 interface is smaller. When the debonding area of steel-UHPC interface reaches to over 30mm × 30mm,
390
or the thickness is above 2mm, the RMSD provides an effective tool to detect the debonding damage.
391
This paper also investigates the effectiveness of the wave propagation-based PZT method for 
